N selectively alters the levels of certain proteins and/or mRNAs and thus is an important regulator of the expression of nuclear-encoded plant genes. Products of these genes include proteins determining photosynthetic efficiency such as LHCP, Rubisco small subunit (Plumley and Schmidt, 1989) , NADH-plastoquinone oxidoreductase in Chlamydomonas (Peltier and Schmidt, 1991) , C4-PEPC, PPDK, and CA in maize (Sugiharto et al., 1990; Sugiharto and Sugiyama, 1992) , Ala aminotransferase in Panicum miliaceum (Son et al., 1992) , proteins involved in N assimilation such as NR, nitrite reductase (Caboche and Rouze, 1990) , and GS (Hirel et al., 1987; Mia0 et al., 1991; Sakakibara et al., 1992a) , and vegetative storage proteins (Staswick, 1990) . Most of the expression of these genes appears to be regulated through ' This work was supported by grants to T.S. from the Ministry of Education, Science, and Culture of Japan (Scientific Research on Priority Areas, grants 04273102 and 04273103; Grant-in-Aid for Scientific Research [B] , grant 04454072) and partially by a grant from Toho Gas Co. Ltd.
* Corresuonding author; fax 81-52-789-4104. mechanisms affecting transcriptional and/or posttranscriptional processes.
In studies of the effects of N on the gene expression of C4 enzymes in leaves of N-starved maize (Zea mays L.) plants,
we reported that the steady-state levels of mRNAs for C4-PEPC, PPDK, and CA increased in response to N availability, resulting in the preferential accumulation of their respective proteins during N recovery (Sugiharto et al., 1990 (Sugiharto et al., , 1992a Sugiharto and Sugiyama, 1992) . A variety of determinants are known to regulate the steady-state levels of mRNAs. The major ones are considered to be the rates of transcription and mRNA degradation, which can vary among different genes, but the mode that regulates the N-responding expression of C4 genes is unknown.
The accumulation of mRNAs for C4-type PEPC (C4PpcZ) and CA in the detached leaves of N-starved maize plants absolutely requires both cytokinins and an N source (Sugiharto et al., 1992a) such as Gln, which is considered to be a primary, positive signal for this accumulation (Sugiharto et al., 1992b) . It has been shown that cytokinins also regulate the expression of various genes. In the cases of Rubisco small subunit (Lerbs et al., 1984; Funckes-Shippy and Levine, 1985; Flores and Tobin, 1989) , LHCP Tobin, 1986, 1989) , and NR (Lu et al., 1990 (Lu et al., , 1992 , up-regulation of the gene expression by cytokinins is considered to be due to an increase in rate of gene-specific transcription and/or an increase in mRNA stability. It is well known that changes in N availability strongly affect the level of cytokinins, which are thought to be synthesized in roots at least at the vegetative stage of higher plants (Feldman, 1975) . Despite major effects of cytokinins and N availability on gene expression, information conceming their respective roles in gene regulation is limited.
To gain some new insights into the N-responsive expression of C4 photosynthetic genes, we aimed (a) to examine the mode of gene control for PEPC and (b) to examine the possible roles of cytokinin and an N source in the gene expression. Plant Physiol. Vol. 105, 1994
MATERIALS AND METHODS

Plant Crowth
Maize (Zea mays L. cv Golden Cross Bantam T51) plants were grown with 0.8 mM (low N) or 16 m (high N) KN03 in vermiculite in a growth chamber as described previously (Sugiharto et al., 1992a) . The chamber was controlled as follows: 14 h light and 10 h dark, 28/2OoC (day/night); >60% humidity; 500 pmol photon m-'s-l for illumination. When plants grown with low N had the fully developed third leaves (approximately 2 weeks after sowing), the culture solution was changed to high N in the middle of day. The leaves were periodically harvested and the basal halves were frozen with liquid N2. At this basal region of leaves, C4-PEPC accumulates preferentially and predominantly during recovery from N starvation (Sugiharto et al., 1990) . To investigate the effects of N sources, zeatin, and CHX on activation of transcription rate of C4Ppcl during N recovery, we used the detached leaf system as previously reported (Sugiharto et al., 1992a (Sugiharto et al., , 1992b .
Measurement of Content of Cln
Gln content was determined as previously reported (Sugiharto and Sugiyama, 1992) .
Measurement of mRNAs for PEPCs
RNA was isolated by the guanidium thiocyanate/CsCl method. Total RNA and poly(A+) RNA were dot blotted on HyBond-N' (Amersham) for detection of mRNAs encoding C4Ppcl and C3-PEPC (C3Ppcl), respectively. The dot blot was camed out according to the manufacturer's recommendations, and hybridization was performed as described previously (Sugiharto et al., 1992a) . The 1.3-kb fragment digested with EcoRI of maize C4Ppcl cDNA (pM52, Izui et al., 1986 ) and the 0.12-kb fragment digested with RsaI and HindIII from the 3' noncoding region of sorghum C3Ppcl cDNA (CP21, Crétin et al., 1991) were used as probes for C4Ppcl and C3Ppcl mRNAs, respectively.
lsolation of Nuclei
Nuclei were isolated from leaf tissue essentially according to the method of Luthe and Quatrano (1980) . Frozen tissue was pulverized in liquid N2 and immersed in an NIB (1 M hexylene glycol, 10 m Pipes-KOH [pH 7.01, 10 m MgCl', 10 mM P-mercaptoethanol, 0.5%' [v/v] Triton X-100) and blended with a Polytron for 20 s at a medium speed. The homogenates were filtered with a 130-pm nylon mesh and then through two layers of Miracloth. Crude nuclear pellets were harvested by centrifugation (2000g, 10 min), washed two times with NIB and once with NIB without Triton X-100, and suspended in 5 to 10 mL in NIB without Triton X-100. Nuclei were further purified by centrifugation in a discontinuous gradient of Percoll, consisting of 5-mL layers of a Suc cushion (85%, w/v) and 95% Percoll and a 30-mL layer of 40% Percoll. The Percoll solutions contained 0.8 M SUC, 5 m Pipes-KOH (pH 7.0), and 5 mM MgC12. The gradients were centrifuged at 2000g in a Kubota RS-4S swinging bucltet rotor for 30 min. The nuclei fraction. banded at the interface between the 40 and 95% Percoll layers was collecteci with a Pasteur pipette, washed with a nuclear resuspension buffer (1 M hexylene glycol, 10 mM Pipes-KOH [pH 7.01, 10 m MgC12, 10 mM P-mercaptoethanol, 25% [v/v] glycerol:) two times, and stored at -8OOC until use.
Nuclear Run-Off Transcription
In vitro RNA-synthesizing activity (elongation of RNA chain) in isolated nuclei was measured in the following standard assay mixture (Gallagher and Ellis, 1982) : 20 m CTP, artd GTP; 5 m DTT, 0.5 unit of RNaje inhibitor (RNasin, Toyobo)/mL, 100 pCi of [a3'P]UTP (3000 Ci/mmol, Amersham), and isolated nuclei (approximately 200 pg DNA/ mL reaction mixture) in 0.2 mL. Reactions were cun at 3OoC for 20 min. The synthesized RNA was recovered and hybridized with cDNAs of C4Ppcl (pM52, Izui et al., 1986 ), C3Ppcl (CP21, Crétin et al., 1991 , GS1 and GS2 (pGS107 and pGS202, respectively, Sakakibara et al., 1992b) , Fd-GOGAT (pFDGC;T, Sakakibara et al., 1991) , and rRNA (VER17, Yu- kura and Tanifuji, 1983) . Equivalent moles of plasmids containing cDNA insert (0.18 pmol) were cut with single restriction site and dot blotted on HyBond-N+. Plasmids (pUC18 or 19) without an insert were used as a negative control. After hybridization, membranes were exposed tl3 x-ray film and dotj were counted by a liquid scintillation counter. The same aniount of radioactivity was used in each hybridization reaction in the same series of experiments. There was a proportional increase in hybridized cpm with incrlzasing input of radioactivity at least within the range of 2 X to6 to 2.5 X 107 cpm.
Tris-C1 (pH 7.9); 75 lll~ KC1; 7.5 II~M MgCl,; 0.5 mM ATP,
RESULTS
Propertiies of lsolated Nuclei and Characterization of in Vitro Transcription
When a crude nuclear suspension obtained from plants was centrifuged on a discontinuous gradient of Percoll, the fraction exhibiting the most active incorporation of [32P]UMP into TCd4-insoluble products banded at the interfxe between 40 and 95% Percoll regardless of the N status of plants. Fluorescence microscopic examination after staining with 4,6-diamidino-2-phenylindole revealed that the nuclei were ellipsoidal and there was little contamination by other tissue debris. This fraction was used as isolated nuclei for the runoff assay. Under the reaction conditions used, ir1 vitro RNA synthesxs continued in a linear manner for at kast 15 min. Incorporation of [32P]UMP into a TCA-insoluble fraction was totally nuclei dependent. The incorporation decreased approximaltely 50% without adding cold nucleotides, indicating the presence of endogenous nucleotides in isolated nuclei prepara tion. The effects of inhibitors on transcription by isolated nuclei from N-deficient and recoverinl; plants are summarized in Table I . Incorporation of [32P]UIviP into the TCA-insoluble fraction increased approximately 2-fold 12 h after supplementing nitrate to the deficient plant!;. Transcription was sensitive to both actinomycin D (an inhibitor of RNA synthesis) and a-amanitin (an inhibitor of RNA polym-erase 11) regardless of the N status of plants. Inhibition of the transcription rate by actinomycin D was not higher in Nstarved plants than in N-recovering plants. However, the inhibition by a-amanitin was substantially higher in Nstarved plants. This indicates that the transcription of rRNA relative to total RNA increases during N recovery.
There was essentially no change in total radioactive RNA synthesis between the end of a 15-min incubation with radioactive substrate and subsequent 15-and 35-min chase periods in the presence of an excess of nonradioactive UTP (4.53 X 105, 5.21 X 105, and 5.12 X 105 cpmlpg DNA, respectively, incorporated into TCA-insoluble products). Furthermore, the pulse-chase experiment was also done in the presence of actinomycin D, and similar results were obtained. Thus, we concluded that no major degradation of in vitro product was occumng in the course of a 35-min incubation.
Transcription of the C4Ppcl and Accumulation of Its Transcript during Recovery from N Starvation
Run-off transcription assays were performed using leaf nuclei isolated from N-starved plants and N-starved plants that had been given high N 6, 12, 24, and 48 h before the leaves were harvested (Fig. 1) . The in vitro synthesized nuclear RNA was isolated and hybridized with C4Ppcl cDNA standardizing to 32P-labeled RNA. During recovery from N starvation there was a marked increase of incorporation into transcript for C4Ppcl. The transcription rate in nuclei from N-starved plants increased 6-fold 12 h after N addition and remained elevated thereafter for at least 48 h (Fig. lA) , whereas that in nuclei from plants continuously grown under N starvation decreased gradually during the same period (Fig.   1B) . In some experiments the transcription rate of C4Ppcl in N-starved plants increased 10-fold 12 h after addition of N and then declined at 48 h to a level 2-fold greater than that of zero time (data not shown). Interestingly, the enhanced rate of C4Ppcl transcription was observed with plants harvested in the dark period. This suggests a light independence of C4Ppcl transcription. To examine this possibility, we supplemented N to the starved plants, kept them in the dark for 5 h, then exposed the plants to light for 7 h, and measured the transcription rate of C4Ppcl. The transcription rate was increased to a similar extent (data not shown). It is unlikely that C4Ppcl transcription substantially increased during this limited period of illumination because there was no increase in transcription of the gene within 7 h after addition of N even under illumination (cf. Fig. 1A) . Consequently, the Ndependent activation of C4Ppcl transcription appears to be light independent. Enhancement of rRNA transcription began within 6 h after addition of N, preceding the transcription activity of C4Ppcl (Fig. lA) , whereas the transcription rate in plants continuously grown under N starvation changed less (Fig. 1B) . The N-inducible enhancement of rRNA transcription reflects the changes in the levels of total RNA synthesis in isolated nuclei during N recovery (Table I) .
To make a comparison with transcription rate, we measured C4Ppcl mRNA levels in the same batch of leaf segments used in the isolation of nuclei. The steady-state level of mRNA was determined and is shown as the solid line in Figure 1 . The level of C4Ppcl mRNA in N-recovering plants continued to increased for 12 h after addition of N and reached a saturation level that was 2.2-fold higher than the initial level (Fig. lA) , whereas there was no sigruficant change in the level in plants grown continuously under N starvation (Fig. 1B) . The results shown in Figure 1 , taken together, indicate that the N-inducibIe expression of C4PpcZ is exerted at the transcriptional level. It should be noted that there was a discrepancy in the degree of increase between the transcription rate and accumulation of mRNA in N-recovering plants.
The lack of correlation suggests that the expression of C4Ppcl may also be controlled posttranscriptionally. We attempted to detect the transcript for the C3Ppcl in the RNA synthesized with nuclei isolated from plants during recovery from N starvation, but we failed to detect a positive signal in hybridization. Poly(A') RNA was extracted from leaf segments, and the level of C3Ppcl mRNA was measured during recovery from N deficiency using the 3' coding region of sorghum cDNA (Fig. lA, inset) . The region of C3Ppcl cDNA did not hybridize with the fragment of maize C4Ppcl cDNA used. There was no sigruficant change in the levels of mRNA during at least 48 h of recovery. The results clearly indicated that the accumulation of C3Ppcl mRNA is not regulated by N availability in maize leaf. This confirms that the transcript of PEPC altered in response to N availability is specific for the C4 type.
Role of Cytokinin in N-Responding Cene Expression for C4Ppcl
We have shown that cytokinins are an essential component for the N-inducible accumulation of C4Ppcl and CA mRNAs in detached maize leaves (Sugiharto et al., 1992a) . To understand the role of cytokinin in this induction, the effect of cytokinin on Gln accumulation was first examined. Leaves were detached from N-starved plants and incubated in high N with or without zeatin, and Gln was measured 2 h after incubation. Administration of 5 p~ zeatin did not affect the level of Gln (data not shown). This implies that cytokinins play a role in this induction by increasing transcription and/ or by affecting the level of transcript but not by stimulating the level of Gln. In this context we have already shown that administration of either zeatin or an N source alone to the detached leaves does not stimulate the accumulation of C4Ppcl transcript (cf. figs. 3 and 4 in Sugiharto et al., 1992a) . The effects of zeatin and an N source was then examined on run-off transcription for C4Ppcl. The transcription rate for C4Ppcl was greatly stimulated by incubating detached leaves with zeatin alone, whereas the rate remained essentially unchanged by incubating the leaves with nitrate or Gln alone ( Table 11 ). The stimulatory effect of zeatin on run-off activity appears to be cumulative in the presence of an N source: zeatin plus nitrate caused a higher transcription rate for C4Ppcl than zeatin alone. The results, taken together, imply that cytokinins and Gln or its down-metabolite(s) up-regulate the transcription of C4Ppcl and the level of the transcript, respectively .
To investigate whether the observed increase of C4Ppcl transcript treated with cytokinin and an N source reflected a general phenomenon, we examined the run-off transcription rates of genes for GS1 (cytosolic GS), GS2 (plasticlic GS), Fd-GOGAT, and rRNA in the same samples by incubating the detached leaves of N-starved plants for 2 h with low N medium alone ( Fig. 2A) or high N medium plus 5 p~ zeatin (Fig. 2B:) . The transcription of C4Ppcl was shnulated by supply of zeatin and high N, whereas the transcription of the other genes remained essentially unchanged. This indicates that the increase in transcription of C4Ppcl by cy:okinin and high N is not a general phenomenon during recovery from N starvation.
Requireinent for Protein Synthesis in C4Ppcl Exlpression
To test the possibihty of involvement of protein synthesis for the cytokinin-inducible expression for C4Ppcí', the effect of CHX (an inhibitor of protein synthesis by 80s ribosomes) was examined on the transcription of C4Ppcl using the detached lleaf system in the presence of zeatin (Fig. 3) . As a negative control, detached leaves were incubated in low N medium lacking zeatin and harvested 2.5 h lat?r, and the respective values of transcription rate of C4Ppcl a nd the level of Gln were set at unity (line 1). As a positive control, high nitrate plus 5 p~ zeatin was added to low N medium at zero time, and leaves were harvested after 2 h. The transcription rate of the C4Ppcl increased to 3.5-fold and was accompanied by a 8.17-fold increase in Gln concentration (line 2). The increase in Gln accumulation is in agreement with our previous observation (Sugiharto et al., 1992b) . Wheii CHX was added to this system prior to the addition of nitrate and zeatin, no stimulation in transcription of C4PpcI was observed in spite of a high accumulation of Gln (lhe 3). When CHX was added 1 h after the addition of nitrate and zeatin, there was a marked decrease in the transcription rate of C4Ppcl with less change in Gln level (line 4). The results indicate that the cytokinin-inducible transcription of C4Ppcl requires the synthesis of protein.
DISCUSSION
We have reported that with intact plants or detached leaf systems the level of C4Ppcl mRNA in maize leaf varies with N availability (Sugiharto et al., 1990 (Sugiharto et al., , 1992a Sugiharto and Sugiyama, 1992) . Restoration of an N supply to starved plants increases the steady-state levels of mRNAs for C4PpcZ and PPDK, which rapidly enhance the synthesis of their proteins, resulting in their preferential accumulation most conspicuously in photosynthetically maturing cells. In view of these results, we attempted to determine at which level these responses to changing N availability are controlled. In this study we investigated the mode of control of expression for C4Ppcl during recovery from N starvation using intact plants. We showed that this regulation is exerted not only by the transcription but also by posttranscriptional step(s). One major determinant in the control of gene expression can be the rate of mRNA degradation. Endogenous or exogenous signals change the stability of a number of mRNAs, possibly affecting the processing and degradation of transcripts. In the photosynthetic cells of N-starved maize plants, rRNA transcription is inducible by N supply preceding the induction of C4Ppcl expression ( Fig. 1; Table I ). This suggests that the accumulation of C4Ppcl mRNA can be controlled at the posttranscriptional step, presumably limited by the level of ribosomes synthesized. Alternatively, the level of C4Ppcl mRNA might be controlled by some other mechanism responsible for the alteration of mRNA stability in response to N availability. It is of interest to speculate that interaction of specific cis-acting elements on the mRNA and frans-acting factors might be involved, as has been suggested for the rapid degradation of specific Rubisco small subunit mRNAs in potato plants placed in the dark (Fritz et al., 1991) .
In short-term experiments using the detached leaf system, we observed that zeatin and high N did not affect the transcription of rRNA genes in spite of a remarkable increase in induction of the transcription of C4Ppcl. However, the result obtained from long-term experiments using intact plants showed that rRNA transcription was induced by high N supply preceding the induction of C4Ppcl expression. This discrepancy may be due to differences in experimental conditions between the two systems, although the exact reason remains to be elucidated. It is premature to speculate, but we might consider the lack of some component(s) in the detached leaf system, e.g. root-mediated signal(s) for the induction of rRNA transcription in N-starved photosynthetic cells.
In the leaves of maize two distinct isoforms of PEPC have been described (Ting and Osmond, 1973; Hayakawa et al., 1981) . The major form (C 4 type) is the most abundant protein in mesophyll cells and is responsible for the primary carboxylation in the C 4 photosynthetic pathway. On the other hand, the minor form (C 3 type) displays functional and regulatory properties similar to the Cs-type enzyme. Reflecting the multiple isoforms, it has been suggested, based on Southern and northern analyses, that maize PEPC is encoded by a small gene family (Harpster and Tayler, 1986; Hudspeth et al., 1986) . Our finding indicates that the expression of C3Ppcl in maize does not respond to N availability.
There are differences among genes in the mode of regulation by cytokinins. For example, the enhancement of the levels of NR mRNAs by cytokinins has been shown to be regulated transcriptionally (Lu et al., 1990 (Lu et al., , 1992 , but the cytokinin enhancement of the levels of LHCP mRNAs has been shown to be regulated posttranscriptionally Tobin, 1986, 1989) . The products of these genes could be categorized as appendages, of which gene expression is inducible in nature in responding to environmental stimuli. It is interesting to speculate that endogenous cytokinins could be a systematic signal for the expression of such plant genes. There are similarities in the gene expression controlled by cytokinins and jasmonate that have many of the general characteristics of a hormone or plant growth regulator. The genes that encode the jasmonate-inducible proteins such as soybean vegetative storage proteins are regulated by signals such as N availability and wounding (Staswick, 1990) .
Although the primary functions of cytokinins in gene expression have not been fully elucidated at the molecular level, it is well known that changes in N availability strongly affect the levels of cytokinins. Cytokinin levels of roots, shoots, and xylem sap decrease at low N supply (Salama and Waering, 1979; Morgan and Waering, 1980; Kuiper et al., 1989; Thorsteinsson and Eliasson, 1990 ). An important contribution of the present study is to point out that cytokinins and an N source, essential components for the accumulation of Copyright © 1994 American Society of Plant Biologists. All rights reserved. Plant Physiol. Vol. 105, 1994 1992b), we reported that Gln and/or its metabolite(s) can be a primary, positive signal for the N-responding accumulation of mRNAs for C4Ppcl and CA. How the metabolic signal is involved in this gene expression remains to be elucidated and the details of cytokinin metabolism in plants also remain to be understood. However, we hypothesize that cytokinins are synthesized and mobilized to distant sites, namely photosynthetic cells, in response to N availability and there up-regulate the expression of these C4 genes by switching on transcription. Newly synthesized protein(s) might be required for transcription or the truns-acting factor(s) discussed earlier in relation to the control of N-dependent mRNA stability. We are analyzing the signaling pathway along with the hypothesis. It has been shown that protein phosphatase I appears to be essential for light-inducible gene expression in maize (Sheen, 1993) . This idea was deduced primarily from the fact that okadaic acid (a potent and specific inhibitor of protein phosphatase) blocks Chl accumulation induced by light in etiolated leaves and the light-inducible expression of two photosynthetic fusion genes, i.e. genes for PPDK and Rubisco small subunit. Our recent observation (A. Deji and T. Sugiyama, unpublished data) that okadaic acid inhibits the Nresponsive expression of C4Ppcl may provide an idea concerning possible involvement of protein phosphatase activity as a necessary component of the signaling pathway and crosstalk between light and N as signals of gene expression.
